The groundwater contamination originating from a potential nuclear waste repository at Yucca Mountain, USA, is evaluated in a three-dimensional flow transport simulation. The model has 833,079 elements and includes both the saturated and unsaturated zone. Vertical grid spacing is 20 m in the saturated zone and 40 m in the unsaturated zone. Spacing in the x and y directions is 250 m in both the saturated and unsaturated zone. The simulation period is 1,000,000 years. Three scenarios with different saturation values (0.056, 0.1 and 0.18) for Dirichlet conditions at the top of the model and different permeabilities for the total model are calculated. The results differ from previous calculations conducted with a combination of one-dimensional models for the saturated zone and uncoupled models for the unsaturated zone. Since one-dimensional models produce averaged values for the three-dimensional space, they necessarily produce a relatively low radioactive dose. In contrast, the peak dose for the 250 x 250 x 20-m cells in the three-dimensional space is relatively high but closer to the risk an individual is exposed to within a reasonably small area.
Introduction
The candidate repository for nuclear waste at Yucca Mountain, USA (Fig. 1) , is conceived for waste storage above the water table. Modelling potential groundwater contamination is a challenging task if the contaminant source is located above the water table. The models published to date consist of a combination of a three-dimensional (3D) transport model for the unsaturated zone and an uncoupled one-dimensional (1D) model for the saturated zone (DOE 2009 ). This combination has the disadvantage of relying on a large number of assumptions that are difficult to verify.
Groundwater contamination is a 3D process. Integrating the saturated and unsaturated zone in a single 3D model drastically reduces the number of assumptions required. In other words, transparency and reproducibility are significantly improved.
Study area
The 1057.5-km 2 model (Fig. 2) is located in an area where explosive magmatism dominated the geologic history during the Miocene (Table 1; DOE 2007a) . The sequence of pyroclastic rocks with subordinate flows is approximately 1500 m thick (Applegate 2006) . The pre-volcanic formations consist of Late Proterozoic through Palaeozoic folded and faulted sedimentary rocks as well as Middle Proterozoic metamorphic and igneous rocks. Late Tertiary and Quaternary deposits consist of alluvial sediments and minor basaltic flows (Fig. 3) . The horizontal boundaries are the UTM Zone 11 x coordinates 533,000-563,000 and y coordinates 4,046,500-4,081750. The southwest corner of the model is located 1 km northeast of the Nevada-California state boundary.
The repository
The 6.3-km 2 repository should be located at an altitude of 1050-1250 m a.s.l. in an area where the water table is 740-940 m a.s.l. or 25-750 m below the topographic surface ( Fig. 4; DOE 2007b ). The Nuclear Waste Policy Act of 1982 (DOE 2004) specifies that the first US repository cannot exceed the equivalent of 70,000 metric tons of heavy metal (MTHM, including uranium and other radioactive heavy metals) until a second repository is operational. The statuary limit is still valid today and corresponds to 11,629 waste containers (Table 1; DOE 2007c) .
Model setup
The model mesh is a hybrid mesh consisting of a dualpermeability sub-mesh for the volcanic rock units and a single-continuum (single porosity) sub-mesh for the non-volcanic units. All elements are interconnected. Flow occurs between all elements. The mesh has 833,079 elements. The top of the grid is the topographic surface (730-1640 m a.s.l.), and the bottom is located at 200 m a.s.l..
The primary mesh with 470,250 elements, consisting of the single-continuum sub-mesh and the fracture continuum of the dual-continuum sub-mesh, is regular horizontally and irregular vertically. The node spacing in the x and y directions is 250 m. The layers of the mesh are aligned parallel to the initial water table except for the top and bottom layers (Fig. 5 ). The initial water table of the base case ( Fig. 4c ) is the modelled "potentiometric surface" of DOE (2007a) . The initial water table of the sensitivity case ( Fig. 4d ) is derived by kriging the measured water level data of DOE (2007a). The layers above the reference horizons are 40 m thick except for the top layer. There are 101 contaminant injection cells 320 m above the initial water table characterising the 6.3-km 2 repository. Below the reference horizons, there are 22 layers, each of which is 20 m thick except for the bottom layer.
In order to facilitate the comparison with previous models, preference is given to published mean values for input data, except for permeability, which is better represented by median values. When mean values do not exist, (Table 1) 
Hydraulic properties and transport parameters
The permeabilities of the base case ( 
Computer codes
The flow fields and associated water saturations are calculated with the TOUGH2 code (parallel version 2.01; Zhang et al. 2008) . Contaminant transport is calculated with the FEHM code (version 3.3.0; Zyvoloski et al. 2015) using the TOUGH2 flow fields and water saturations (Ho and Robinson 1998) . The TOUGH2 output files are converted to FEHM input files with a combination of terminal scripts, text editor and spreadsheet. The FEHM format requirements are documented in Zyvoloski et al. (2015) .
The TOUGH2 mesh is calculated with the WINGRIDDER code (Pan 2007 ) and subsequently adapted to requirements of the FEHM code with the LaGrit program (online manual; http://lagrit.lanl.gov).
Flow model

Boundary conditions and initialisation
During the one-year initialisation step, the lateral volume elements have a large volume (10 10 m 3 ). The top elements have an infinite volume (10 52 m 3 ) during initialisation and subsequent flow field calculation. The infinite volume elements impose Dirichlet conditions, i.e., the thermodynamic parameters of these elements do not change at all. The elements above the initial water table, including the top elements, have a pressure of 10 5 MPa and a saturation dependent on the permeability model (see above); the appropriate saturation value is determined by a trial-anderror procedure (see below).
The pressure of the initial saturated zone at the beginning of the initialisation step is 10 5 MPa plus the depth below the water table (m) multiplied by 10 4 MPa/m. The permeability is set a at a high value (10 −12 m 2 ) for all elements in order to achieve an efficient fine tuning of the pressure.
Flow field calculation
Saturation and pressure at the end of the initialisation step are used as initial conditions for the flow field calculation. The lateral boundary elements are replaced by infinite volume elements (10 52 m 3 ), and the initial permeabilities are replaced by the actual values (see above).
At the end of the one-year simulation period, the flow field approaches a steady state. The optimal saturation value is found by trial and error. This is the value that produces a water table closest to the initial position ( Figs. 6 and 7) . The optimal saturation values are 0.1 for the case with the "calibrated" permeability values of DOE (2007a), 0.056 for a highpermeability sensitivity case and 0.18 for a low-permeability sensitivity case. The optimal saturation values are identical for both types of initial water table (modelled "potentiometric surface" or water table derived by kriging of the measured water level data; see above). Initial inventory
Transport simulation
The flow fields and associated water saturations calculated with TOUGH2 are fed into the FEHM transport model (see above). Contaminant transport is calculated with the particle tracking macro of the FEHM code. Particle injection takes place in 101 cells in the repository area 320 m above the initial water table. The injection rate is proportional to the near-field release (engineered barrier system release; DOE 2009) shown in Fig. 8 . Particle injection starts in the simulation year 300 and ends in the simulation year 1,000,000. Two types of particles are injected. The particles representing aqueous species are subjected to sorption, which takes place only in the single-continuum submesh and matrix continuum of the dual-continuum submesh. The particles representing contaminants irreversibly attached to colloids are subjected to neither sorption nor filtration.
Radioactive dose
The radioactive dose D (Sv/a) is calculated with the biodose conversion factor (BDCF), representing the all-pathway dose (DOE 2007f) to a hypothetical "reasonably maximally exposed individual" (RMEI). The dose is calculated according to the equation
where X i is the concentration (Bq/L) of the radionuclide i in the saturated zone where the depth of the water table below the topographic surface is less than 200 m, and B i is the BDCF (Sv/a:Bq/L) of the radionuclide i. The peak dose is the relevant parameter for the various flow fields ( Figs. 9 and 10) . The reference limits are the US generic regulatory limit (0.15 mS/a; GAO 2000) or the local limits (0.15 mSv/a < 10,000 years and 1 mSv/a > 10,000 years; NRC 2014). Fig. 6 Maps showing the saturation at the end of the one-year initialisation step at the initial lowermost unsaturated layer and the initial topmost saturated layer for the base case as well as sensitivity cases with low and high permeabilities; the reference water table is the base-case water table (see text for explanation). The outline of the repository is also shown (solid black line) Fig. 7 Vertical cross section D-D' (trace in Fig. 2) of the Yucca Mountain model showing the saturation at the end of the oneyear initialisation step for the base case (see text for explanation). The water table at the beginning of the initialisation step is also shown (solid black line)
Base case
The topmost layer of the saturated zone usually has the highest concentrations of contaminants (Fig. 11) . The dose reaches the 0.15 mS/a limit in the simulation year 4000 and the 1 mSv/a limit in the simulation year 8100. The maximum peak dose is approximately 4.7 mSv/a towards the end of the simulation period at 1,000,000 a.
Sensitivity cases
The sensitivity tests investigate the relationship between mesh discretisation and contaminant migration. In addition, the tests address two of the greatest uncertainties in the Yucca Mountain project (Gelhar 2006) :
& the location of the water table; & the permeabilities of the rocks in the contaminanttransport zone.
The sensitivity case with an initial water table derived by kriging of the measured water level data differs significantly from the base case with an initial water table that corresponds to the modelled "potentiometric surface" of DOE (2007a) . This is especially evident in the northern part of the model, where the water table is located more than 400 m below the topographic surface (Fig. 10 ). In contrast, the peak dose where the water table is less than 200 m below the topographic surface (southern part of the model) plotted versus time is not much different (not shown).
Reducing the permeability expands the time span for reaching the regulatory limits but increases the maximum peak dose towards the end of the simulation period. In contrast, increasing the permeability shortens the time span for reaching the regulatory limits but reduces the maximum peak dose.
In the low-permeability sensitivity case, the 0.15-mSv/a limit is reached in the simulation year 9400, and the 1-mSv/ a limit is reached in the year 19,000; the maximum peak dose towards the end of the simulation period is 8.5 mSv/a. In the high-permeability case, the 0.15-mS/a limit is reached in the year 5000; the maximum peak dose towards the end of the simulation period is 0.53 mSv/a. permeabilities from year 1000 to year 1,000,000 (base-case water table). The reference dose is the total "mean" dose of DOE (2009). The US generic regulatory limit (solid black line; equivalent to the local regulatory limit for <10,000 a) and the local regulatory limit for >10,000 a (dotted brown line) are also shown Increasing or decreasing the discretisation of the mesh in the unsaturated zone has a minor influence on contaminant migration because transport occurs mainly in one direction (vertical). In contrast, grid geometry has a strong influence in the saturated zone. Due to the restrictions of the one-processor codes FEHM and LaGrit, it is not possible to calculate a grid with a finer discretisation than that of the base case (20 m vertically and 250 m horizontally). Therefore, the reverse procedure is used in order to show the effect of discretisation.
Using a sensitivity-case mesh with 500-m horizontal spacing (instead of 250-m base-case spacing) results in a peak dose of 2 mSv/a at the end of the 1,000,000-year simulation period (not shown). The corresponding base case value (for a grid with 250-m horizontal spacing) is 4.7 mSv/a (see above). Extrapolating this result to a finely discretised mesh with 125-m horizontal spacing implies that the peak dose would not be larger than the base-case value multiplied by 4.7/2, i.e. <11 mSv/a.
Summary and conclusion
Calderas with pyroclastic deposits originating from highviscosity siliceous magma together with deformed preeruption country rock constitute extremely heterogeneous geological systems. High-permeability zones alternate with low-permeability zones horizontally over relatively short distances. The conceptual hydrogeological model of DOE (2007a DOE ( , 2007b simulates the geological heterogeneity albeit based on relatively little drill hole data (Gelhar 2006) .
The 1D contaminant transport model of DOE (2009) translates the geological heterogeneity into statistical parameters. However, probabilistic 1D procedures can hardly reproduce Fig. 10 a-i Maps of the topmost layer of the saturated zone with radioactive dose (Sv/a) in the simulation year 4000, 8000 and 1,000,000 for the base-case water table and base-case permeabilities as well as the base-case water table and sensitivity-case permeabilities (low and high permeabilities). j Map of the topmost layer of the saturated zone with radioactive dose (Sv/a) in the simulation year 1,000,000 for the sensitivity-case water table and base-case permeabilities. The outline of the repository is also shown (solid black line) the geological variability of the 3D space. Thus, the 1D model may be a very imperfect representation of the geological variability, implying a considerable risk of underestimating the radioactive hazard for the maximally exposed individual. This situation is a particular challenge for the regulating agency. Ambiguities can only be avoided if the biodose conversion factor is linked to the water volume in the model cells, e.g., the 250 x 250 x 20-m cells used in this paper.
The standard procedure for calculating the radioactive dose is using a simulation period of one million years (e.g. SKB 2006; Nykyri et al. 2008; DOE 2009 ). This long period is due to the long half-life of the major pollutants. It comes as no surprise that the peak radioactive dose calculated with the 3D flow transport model is higher than that calculated with the 1D model towards the end of the simulation period (Fig. 9) . The difference may be exacerbated by the fact that the reference 1D model uses a dual-permeability model for the unsaturated zone and a dual-porosity model for the saturated zone. Dualporosity rock has unconnected matrix elements, as opposed to dual-permeability rock with interconnected matrix elements. Contaminant transport between a fracture and the matrix in dual-porosity rock is possible by diffusion only, not by advection (fluid flow) because the matrix holds only stagnant water. Apart from being unphysical, this model configuration may produce a stronger retention of contaminants in the saturated zone than the alternative with identical physical properties in the saturated and unsaturated zones. As opposed to dualpermeability systems, dual-porosity systems are extremely difficult to simulate. Large models, such as the one in this paper, would have to be simplified, requiring additional submodels (Schwartz 2012) . It is beyond the scope of this paper to evaluate the possible impact of a dual-porosity concept or mixed dual-porosity/dual-permeability concept.
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